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Background 

Combustion characteristics of a LOX/GH2 swirl coaxial injector element have been examined up to very 
high oxidizer to fuel ratios in a research rocket chamber at Penn State University’s Cryogenic Combustion Lab. The 
single-element tests demonstrate that, for injector element flowrates comparable to those of booster engine injectors, 
ignition, stable combustion, and good performance can be achieved with LOX at O/F ratios as high as 170. 

Operation of injectors at such high O/F ratios is a highly desirable element of candidate erogenic 
propulsion systems for next-generation Reusable Launch Vehicles (RLV). Oxygen-rich preburners, supplying low 
temperature exhaust gases to the turbine drives, have the potential to minimize cost, weight, and operational 
complexity of advanced rocket engines. Fundamental data at the single-element level, such as that reported here, is a 
component of an industry-wide oxygen-rich combustion technology program for RLV propulsion. Recent progress 
is summarized in this presentation. 

Research Objectives 

Research efforts are directed towards understanding specific technical issues that must be resolved to 
minimize the risk and cost associated with developing oxygen-rich rocket prebumers. The experiments concentrate 
on hot-fire uni-element tests to demonstrate concepts which can be incorporated into hardware design and 
development. Two concepts under consideration are direct injection of propellants at high O/F, and stoichiometric 
injection followed by downstream injection of LOX to achieve the high O/F. The specific results given here address 
the performance, ignition, combustion stability, and wall heat transfer aspects of a direct-injection swirl coaxial 
element design operating at high O/F. 

Current Progress 

Experiments with direct-injection at high O/F have been conducted in an optically-accessible uni-element 
rocket test chamber of 2 inch square cross-section (1.1 ft. length) with LOX/GH2 propellants. A swirl coaxial 
injector element, characterized under both cold-flow and hot-fire, was used to atomize the LOX. LOX flowrates were 
held constant in the experiments while O/F ratio was achieved by varying the hydrogen fuel flowrate. A gaseous 
hydrogen/oxygen torch was used to ignite the main flow. 

A series of experiments has been completed where O/F ratio was varied from 5 to 170, while simultaneous 
measurements were made of high frequency pressure oscillations and wall heat transfer. Chamber pressures for this 
series were nominally 300 psia, and data was obtained at both upstream and downstream locations within the rocket 
chamber. The results show that wall heat transfer is greatly reduced for high O/F combustion. Pressure oscillations 
are also at a low level, approximately 1 % of chamber pressure, for the entire range of O/F. 

Further characterization of the direct-injection high O/F scheme is planned, and will involve non-intrusive 
measurement of spray penetration and the spray flame temperature. 
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OXYGEN-RICH COMBUSTION 
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OPTICALLY ACCESSIBLE 
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Gaseous H 2 /0 2 Torch 
Ignitor 



SWIRL COAXIAL INJECTOR 
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Design Derived from STME Studies by 
Aerojet, Pratt & Whitney, MSFC 



OBJECTIVE & MOTIVATION 
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- LOX/GH 2 Preburner Operation at High O/F 

- Full Face Injection vs. Stoich. Injection + Dilution 


OVERVIEW & STATUS 
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High 0/F Studies (P c = 800 psia nom.) 

- Repeat Above Measurements 

- Testing in Progress 



Conical Flame Zone Attached to LOX Post (left) 
Laser-Light Scattered by LOX Drops in Flame (right) 




HIGH O/F COMBUSTION 



Adiabatic Flame Temperature Decreases with 0/F Ratio 


C* EFFICIENCY AT HIGH O/F 
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TEST INSTRUMENTATION 



2 High Freq. Pressure Gauges (PCB Model 113A24) 
2 Chamber Pressure Gauges (Setra Model 204) 
Flow Metering with Calibrated Venturi Orifices 





HEAT FLUX MEASUREMENT 
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Transient Heat Flux Obtained 







HIGH-FREQUENCY PRESSURE 
GAUGE 
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TRANSDUCER ASSEMBLY 
{As Supplied) 


HIGH O/F HOT-FIRE MATRIX 


X 


X X X X 


CJ 

w C C 
fl 4 J - 

.2 | ^ 

§ f fi 11 

S U-i x 

© -C 

J M c 

a s 


X X X X 


X X X X 


U c 

ts OQ IT 

C o ^ 
^ ^ II 
<! x 

C /3 ™“ 

<u • 


X X X X 


X X X X 


X X X X 


NO ON c<0 cO 

VO Tt Tf o 
On On 00 On 


S (N iri 

CO ^ 04 


vo vo 

vo co no oi 

ON ON 00 ON 


Q m m O 
0 co vO O 
*-• 0- ^ 

NO CO — 


0*0 0*0 
^ (N 00 00 

S Tf 00 O 

CO — 


VO VO O © 

Q VO On © 

^ O - 


IO 04 on — < 
ON NO Tf O 
(N (N (N rO 


NO OO O- 04 
CO IO h O 
co n (S co 


IO t OO 

— ■ vo VO o 

CO (S (N CO 


^ ^ W NO 

• vO O n© 
^ ^ ^ 


h sc in oo 

^ ^ NO 

m ^ on H 


M N 00 H 

^ ^ ^ 

m os ^ 


o- <n ot r- 

ON IO IO IO 
^ m, (N - 

3 8 8 8 

dodo 


On 04 NO CO 
*0 VO NO VO 

00 VO (S 


o o o o 


oo o* i-i vo 
no vo r- vo 
00 vo 04 — « 


8888 388 


o o o o 


NO NO vo 
IO VO NO 
CM 04 . 04 

o o ° o 


oo r- r- r- 
in »n io vo 

CM 04 CM CM 

dodo 


on no r- vo 

VO Nt IO NO 

04 04 04 04 

dodo 


528 


GH 2 Flow Varied to Achieve Ox-Rich Conditions 
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WALL HEAT FLUX ... x = 9 in. 



TIME (S) 


WALL HEAT FLUX vs. O/F 
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Near-Injector Heating Significantly Greater (O/F of 45, 100) 



HEAT FLUX ... Other Work 
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Penn State Heat Flux Scales With Element Flowrate to 
18 Btu/in2-s for 1 Ibm/s Element (25 Btu/in 2 -s for P&W) 



HIGH FREQ. PRESSURE DATA 
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Longitudinal Modes (Low Freq. < 3000 Hz Typ.) 




CHAMBER RESONANT 
FREQS. 
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1st and 3rd Longitudinal Modes Observed 
















SUMMARY 
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POTENTIAL FULL-FLOW PREBURNER DESIGNS 
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Ensure Vaporization of All Liquid 
Effects of Operating Conditions 
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Turbins Inlet 


RESEARCH GOALS 
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Project Pros and Cons of Various Configurations 
Identify Important Design Parameters 
Define Appropriate Operating Regimes 



PRESENT STATUS 
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BASIC PRE-BURNER GEOMETRIES 
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Liquid Injected Either Perpendicular or Canted 
Initial Drop Sizes and Velocities Stochastic 



BASIC PRE-BURNER GEOMETRIES 



Atomization is Treated Empirically (Mean Drop Size) 
Initial Drop Sizes and Velocities Stochastic 
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Liquid Injected Either Axially or Canted 
Initial Drop Sizes and Velocities Stochastic 



GAS PHASE MODELING 
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Gas Phase Solution Procedure Well-Validated Against Experimental 
and Analytical Solutions 



DESCRIPTION OF LIQUID PHASE PROCESSES 
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DROPLET DISTRIBUTION FUNCTIONS: 
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Dropk* Diameter, 




LIQUID PHASE VALIDATION: 
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Liquid Flow 





LIQUID PHASE VALIDATION: 
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TIME, see 




LIQUID PHASE VALIDATION: 
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TIME (s) 



BAS IC PR E-BURNE R G EOMET R I E S 
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NOMINAL CONDITIONS; 
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RESULTS— RADIAL INJECTION 
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VAR IATION IN O/F RATIO: 



CL 

TO 


lO us 

co 

CO £ 
CO c 

o o 


.2 £ 

<3 "5 
cc o 

LL ® 

o CO 

fc- cc 

2 cd 

o +- 

0) © 
a aMM 

c c 


E 

3 

O 

IO 


© 

+-» 

© 


vO 

0 s 

O 

CN 

co 

E 

o 

CO 


L > 
5; 4-» 


o 

o 


£ © 

.2 > 

0 c 

+- o 

© • - 

a ° 

01 

Q — 

c 2 
<0 3 
© C 


o 

CO 



o 

© 

cc 


LL 

O 

< 




2 

© 


g 


o 

LL 


• ■■■ 
X 
LU 


© 

O 

c 

© 

co 

• wmm 

D 

"© 

aw 

X 

< 


a MB 

5 


Vi 

© 



© & 



o '5 

O D 


554 




o 

o 

o 

o 

o 

o 

o 




o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 



'T— 

00 

LO 

oo 

o 

O 

o 

CO 

C\J 

C\J 

C\J 


y— 

T“ 

CT> 

CD 

CO 



I 

o 





555 


1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 

Temp. (K) Temp. (K) Temp. (K) Temp. (K) 








Gas Temperature for LOX-Rich Preburner (Peripheral Injection Geometry) 


o 

o 

o 

o 

O 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 


xfr 


00 

uo 

CM 

o 

o 

o 

CO 

CM 

CM 

CM 

" 1 


T— 

O) 

CD 

CO 


1111 


T 

]D 

O 



uojjsnqiuoo 2 h/X01 


luojj mo|j }0|U| ;oh 



x/L -» 0.1 


Cross-Sections of Gas Temperature 

x/L=0. 1 x/L=0.3 x/L=0.5 x/L=1.0 
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RADIAL INJECTION SU 
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Gas Temperature for LOX-Rich Preburner (Peripheral Injection Geometry) 
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matic of Preburner Geometry 

Liquid Sheets Produced by 
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Propulsion Engineering Research Center 



AXIAL INJECTION SUMMARY 
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CONCLUDING REMARKS 
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Results in Acceptable Vaporization Lengths 
Outflow Uniformity is Marginal 



CONCLUDING REMARKS 

(continued) 
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